Grain boundary scattering controlled free-carrier absorption in near infrared frequency region has been observed in Ga-doped microcrystalline zinc oxide (ZnO:Ga) films. The optical absorption coefficient [or optical conductivity ð!Þ] is proportional to ð! 0 Þ exp½Àð! 0 Þ 2 , which is very different from the well established power law dependence, / ð! 0 Þ À (1:5 < < 3:5), in metals and crystalline semiconductors, where ! is the angular frequency of photons and 0 the average scattering time of free carriers. The results suggest that the grain boundary scattering of free carriers is dominant in heavily doped (degenerate) microcrystalline ZnO films. The important parameters, such as the mobility, number of free carriers, and dc conductivity are deduced quantitatively by fitting the scattering model to the data of free-carrier absorption measurements.
Transparent conductive oxides (TCOs) have now been recognized as very important materials for optoelectronic devices and photovoltaic applications. [1] [2] [3] [4] [5] Free-carrier absorption should be minimized for optically transparent ''windows'' of photovoltaic cells, since the optical absorption near infrared decreases the conversion efficiency of photovoltaic cells. Higher carrier mobility with suitable free carrier density is required for TCOs used as windows in photovoltaic cells.
The measurements of free-carrier absorption for TCOs are therefore very important. According to the classical theory of Drude, the high-frequency conductivity (free-carrier absorption) is written in the form 6) ð!Þ ¼ ne
where e is the elementary charge, n the concentration of free electrons, m Ã the effective mass of the electron, ! the photon angular frequency, 0 the mean relaxation time, and D ð0Þ the Drude dc conductivity. At high frequencies when ! 0 ) 1, ð!Þ should be proportional to ! À2 . A comparison with experiments shows, however, that ð!Þ is proportional to ð! 0 Þ À (1:5 < < 3:5) in single crystalline semiconductors. This power-law has been derived quantum mechanically (quantum limit) by taking into account the effects of phonons, impurity ions and it has been successfully applied to most semiconductors. 6, 7) The TCO films interested here are microcrystalline and the validity of this power-law for the free-carrier absorption in microcrystalline solids is not clear at present.
In the present paper, a study of the free-carrier absorption is presented in Ga-doped microcrystalline zinc oxide (ZnO:Ga) films. It is found that if the mean grain size in present thin films is smaller than the mean free path in the crystalline counterpart then the carriers will be scattered at the grain boundaries before being able to traverse the bulk mean free path length. The carrier scattering due to grain boundaries may become more dominant than that due to phonons or impurity ions. In fact, the behavior of free-carrier absorption in thin films is found to be different from those observed in homogeneous crystalline materials.
ZnO films were deposited on quartz substrates by dc magnetron sputtering. Ar was used as the sputtering gas and a sintered ZnO with 5.7 wt % Ga 2 O 3 was used as the target. The pressure was 53 Pa and the dc power was 60 W. The substrate temperature was varied from 250 to 350 C. The thickness of films varied is from 0.3 to 0.5 mm. The average grain size L is about the same throughout in all films and is determined approximately to be smaller than 20 nm in the normal direction to the substrate which is evaluated by Scherrer's formula from the ZnO(002) X-ray diffraction (XRD) peak. The optical transmittance was measured in the wavelength region between 300 and 2500 nm. The energy bandgap (fundamental absorption) in these films is estimated to be 3.6 eV. Figure 1 shows a typical example of photon energy dependent optical conductivity ð!Þ in ZnO:Ga films deposited at 350 C. The inset in Fig. 1 shows the optical transmittance data. At longer wavelengths (smaller photon energies) optical reflection may occur because of the plasma reso- nance. It is therefore expected that the reflectance measurement or spectroscopic ellipsometry is more reliable than the transmittance measurement.
3) However, as will be discussed later, the plasma resonance is dominated by free carrier scattering and therefore the transmittance measurement in the present photon energy range may not lead to serious errors in estimating ð!Þ. Therefore, as will be discussed below, the refractive index is assumed to be constant.
The optical conductivity ð!Þ is given by " 0 0 n 0 cð!Þ, where " 0 0 is the free space permittivity, n 0 is the refractive index (2.0 for ZnO:Ga), c is the velocity of light in free space, and ð!Þ is the optical absorption coefficient determined from the optical transmittance data. The dc electrical conductivity is observed to be 620 S cm À1 and independent of temperature around room temperature, suggesting that the Fermi level lies in the conduction band (CB; degenerate semiconductors). Open circles are experimental data and the dashed line is the best fit to the experimental data by assuming the power-law, ð!Þ / ! À with ¼ 2:76 which is theoretically close to ¼ 3:0 (scattering by impurity ions or optical phonons).
6) The fitting of the power-law to the experimental data is not acceptable, even with the best fit. We expect therefore that the experimental data cannot be interpreted by the carrier scattering models well established for isotropic crystalline semiconductors.
As a thin film consists of microcrystalline grains, it is therefore important to consider the effect of scattering at the grain boundaries. This is very clearly evidenced by the results shown in Fig. 1 , where the best fit to the experimental data is obtained by including the effect of scattering at the grain boundaries (discussed below). The scattering by grain boundaries in microcrystalline thin films is schematically shown in Fig. 2 . An electron is scattered from grain to grain at the grain boundaries and hence its mean free path reduces from the isotropic mean free path to approximately ''equal'' to or ''less'' than the grain size. In the following, we will formulate the effect of grain boundary scattering on the optical conductivity ð!Þ.
Before discussing the free-carrier absorption, we should briefly review the electronic properties of heavily doped semiconductors. In a doped semiconductor, spatial fluctuations in the concentration of charged impurities produce inhomogeneous electron distribution.
8) The conduction and valence band edges can be perturbed, e.g., the presence of long-range potential fluctuations proposed in compensated semiconductors 8) or hydrogenated amorphous silicon. 9, 10) In n-type degenerate semiconductors in thermodynamic equilibrium, the energy E F of the Fermi level of occupied states cannot vary in the energy space and therefore the bottom of CB is curved. Band tailing has been reported in heavily doped ZnO films. 11, 12) What does vary through is the maximum electron kinetic energy and the electron concentration. Most electrons have approximately the Fermi momentum. The electron wavelength for the degenerate condition given by h=ð2m Ã E F Þ 1=2 , where h is the Planck constant, is estimated to be around 0.4 nm which is smaller than the grain size and hence a classical expression can be used for free electrons.
The above view developed for homogeneous degenerate semiconductors can be applied to the present degenerate ''microcrystalline'' semiconductors with a slight modification. We assume that each grain in the film has different electron kinetic energy, which is schematically shown in Fig. 3 . The corresponding electron velocity v can be written as
A distribution of kinetic energy " (and hence v) leads to a broad distribution of scattering times (rather than a fixed value 0 ), through the relation of ¼ L=v, where L is the grain size. The optical conductivity ð!Þ must then be expressed as a sum over contributions from a continuous distribution of as an integral:
where pðÞ is the distribution function of such that its integration over all is unity. ð!Þ can be obtained ''numerically'' if pðÞ is known in eq. (3). In the present paper, we will try to get ð!Þ ''analytically''. This may help us understand intuitively the free-carrier absorption within the grain boundary scattering formalism. As the term, !=ð1 þ ! 2 2 Þ, to a first order, behaves as a function, ð!Þ, at ! ¼ 1, 13, 14) the integrant pðÞ can be taken out from the integral and eq. (3) is approximately given by
where ! is obtained from ! ! ¼ 1. Now, our objective is to obtain the distribution of , pðÞ. For simplicity, we assume that the distribution function of " has the following form (an exponential tail), although there is no rigorous theoretical derivation:
where " 0 is a constant. Using eq. (2), we get the distribution function of v, pðvÞ, as follows:
10,15) Fig. 2 . Schematic illustration of grain-boundary scattering of free carriers.
The mean free path is considered to be equal to or smaller than grain size. Note that in actual microcrystallines the band edges should vary smoothly from grain to grain.
where v 0 is given by ð2" 0 =m Ã Þ 1=2 . As is given by L=v, where L is taken to be almost constant as mentioned before, pðÞ is then given by
where 0 is the mean scattering time and is given by L=v 0 . Final expression for ð!Þ is obtained as
Equation (8) gives the wrong prediction at ! ¼ 0, i.e., ð0Þ ¼ 0 at ! ¼ 0. This is due to the approximation of the function we assumed, i.e., !=ð1 þ ! 2 2 Þ ¼ ð!Þ. ð!Þ in eq. (8) takes a maximum value of e 2 n 0 =m Ã which is equal to the Drude dc conductivity. We therefore consider that eq. (8) is useful only under the condition of ! 0 ! 1. As shown by the solid line in Fig. 1 , an excellent fit of eq. (8) to the experimental data is obtained by using the values for parameters of n, 0 , and m Ã is taken to be 0.24. 2, 16) These parameters are shown in Table I together for different samples deposited at different substrate temperatures. Here, the values of n, electron mobility (¼ e 0 =m Ã ) deduced from the present study and the measured dc conductivity dc are close to those reported from the Hall and dc conductivity measurements in dc magnetron sputtered and vacuum arc plasma evaporated ZnO:Ga films reported from other labolatories. 3, 5) Finally, we should estimate the plasma frequency ! p using the parameters estimated above:
where " 1 0 is the high frequency dielectric constant which is taken to be n 0 2 , providing ! p ¼ 9:8 Â 10 14 s À1 which is almost the same as the scattering frequency (¼ 1= 0 ¼ 7:8 Â 10 14 s À1 . The contribution of plasma resonance may be dominated by the carrier scattering, i.e., free carriers are scattered by grain boundaries before plasma resonance occurs. Details involving reflectance measurements will be discussed in a future publication.
In summary, a new formulation for free-carrier absorption in microcrystalline ZnO:Ga films has been derived. When the free-carrier transport is dominated by grain boundary scattering, the optical conductivity (or absorption coefficient) cannot be described by the simple power-law, ð!Þ / ! À , which is the traditional case. We, instead, introduce a distribution of grain-boundary scattering times. The fitting of the proposed formula to the experimental data of ZnO:Ga films produces reasonable values for the electron density, drift mobility, and dc conductivity. To reduce the freecarrier absorption in near infrared region, larger grain sizes are highly desirable in microcrystalline TCO films.
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